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We describe the 2.6-A crystal structure of human G protein-cou-
pled receptor kinase (GRK)-6, a key regulator of dopaminergic sig-
naling and lymphocyte chemotaxis. GRK6 is a member of the GRK4
subfamily of GRKs, which is represented in most, if not all, metazo-
ans. Comparison of GRK6 with GRK2 confirms that the catalytic
core of all GRKSs consists of intimately associated kinase and regu-
lator of G protein signaling (RGS) homology domains. Despite being
in complex with an ATP analog, the kinase domain of GRK6
remains in an open, presumably inactive conformation, suggesting
that G protein-coupled receptors activate GRKs by inducing kinase
domain closure. The structure reveals a putative phospholipid-
binding site near the N terminus of GRK6 and structural elements
within the kinase substrate channel that likely influence G protein-
coupled receptor access and specificity. The crystalline GRK6 RGS
homology domain forms an extensive dimer interface using con-
served hydrophobic residues distinct from those in GRK2 that bind
Ga,, although dimerization does not appear to occur in solution
and is not required for receptor phosphorylation.

G protein-coupled receptor kinases (GRKs)? initiate homologous
desensitization by phosphorylating the third cytoplasmic loop or tail of
activated G protein-coupled receptors (GPCRs) (1, 2), thereby allowing
cells to adapt to changing extracellular signals. The seven mammalian
GRKs are grouped into three subfamilies based on sequence identity
and gene structure (3). The GRK1 subfamily consists of rhodopsin
kinase (GRK1) and GRK7; the GRK2 subfamily consists of B-adrenergic
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receptor kinase-1 and -2 (GRK2 and GRK3); and the GRK4 subfamily
consists of GRK4—6. All GRKs have an ~500-amino acid structural
core consisting of a regulator of G protein signaling (RGS) homology
(RH) domain (4) and a kinase domain closely related to those of other
AGC family members (5), including protein kinase A (PKA) and protein
kinase B (PKB). However, each GRK subfamily has distinct N and C
termini containing elements known to regulate kinase activity and to
mediate membrane targeting (1, 6—8). The GRK2 and GRK4 subfami-
lies diverged >1 billion years ago and are present in most, if not all,
metazoans, including Drosophila melanogaster and Caenorhabditis
elegans (3). The GRK1 subfamily is thus far found only in vertebrates.

To date, the defining structural features of the GRK family have been
surmised primarily through crystal structures of only one member,
bovine GRK2. In the crystal structures of GRK2 (9) and its complexes
with GBy (10) and Ge, (11), the RH and kinase domains of GRK2 are
intimately associated via a bipartite interaction that is reminiscent of the
inhibited structures of Src family tyrosine kinases (12—14). In each
structure, the kinase domain of GRK2 adopts an open, presumably inac-
tive conformation similar to that of the open state of PKA (15). Remark-
ably, the GRK2 RH domain has two additional protein interaction sites.
The first binds the C-terminal pleckstrin homology (PH) domain of
GRK2, by which the enzyme is recruited to the membrane via binding
activated GBy subunits (16-18), and the second binds activated Ge,
subunits (19-22). Based on how PH domains and Gy are expected to
associate with lipid bilayers, a membrane-bound orientation was pro-
posed for GRK2 (10). However, it was not known if the structural and
functional correlates established for GRK2 necessarily apply to the other
GRK subfamilies, which do not have PH domains and are not known to
bind directly to Ga subunits (19). Whereas the GRK kinase domain is
relatively well conserved among the subfamilies (~45% sequence iden-
tity), the RH domain is much less so (~27% identity), and the GRK N
and C termini have little or no sequence homology. Therefore, the
structure and interdomain contacts of the RH-kinase domain core,
the kinase domain conformation, and the membrane orientation in
other GRK subfamilies could be substantially different. Moreover, it
is not clear whether the RH domains of GRK1 and GRK4 subfamily
members will serve a role in mediating intermolecular protein-pro-
tein interactions.

To address these issues, we determined the 2.6-A crystal structure of
GRKG6, the most ubiquitously expressed member of the GRK4 subfamily
(3, 23-25). Physiological roles of GRK6 include regulating dopamine,
M, muscarinic, opioid, and chemokine receptor signaling (26 -32).
GRKG6 is also thought to play maladaptive roles in addiction (28) and
Parkinson disease (28, 29), and as such, GRK6 represents a potential
therapeutic drug target. Unlike any of the GRK2 structures, the GRK6
crystal structure was determined in complex with AMPPNP, illuminat-
ing details of the GRK active site that may be important for the devel-

Supplemental Material can be found at:
http://www.jbc.org/cgi/content/full/ 27200/DC1
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opment of GRK-selective kinase inhibitors. We compare the arrange-
ment of the RH and kinase domains of GRK6 with those of GRK2 and
assess the significance of an extensive, hydrophobic dimer interface
formed by the GRK6 RH domain. One end of the predicted peptide-
binding channel of GRK6 appears to be blocked by a loop within its
kinase domain, and a putative phospholipid-binding site is revealed near
the N terminus of the enzyme.

EXPERIMENTAL PROCEDURES

Expression and Purification of GRK6—To ensure a homogeneous
preparation of GRK6 and to eliminate the need for detergent during the
protein purification, human GRK6 was expressed in both Sf9 and High5
insect cells as a soluble, palmitoylation-deficient mutant in which three
potential palmitoylation sites (located at Cys®', Cys**%, and Cys>*°) were
converted to Ser (33). This mutant protein retains its ability to phosphoryl-
ate rhodopsin, albeit with a 5-fold higher K|, and 2-fold lower V, .. com-
pared with those of wild-type GRK6 (33). At ~48 h post-viral addition, 4—6
liters of infected cells were pelleted and resuspended in ~80 ml of ice-cold
harvesting buffer containing 20 mm HEPES (pH 8.0), 100 mm NaCl, 5 mm
EDTA, 5 mMm EGTA, 2 mu dithiothreitol, 2 uMm leupeptin, 2 mm lima bean
trypsin inhibitor, 2 mMm phenylmethylsulfonyl fluoride, and 2 mm tosylphe-
nylalanyl chloromethyl ketone. The suspended cells were flash-frozen in
liquid nitrogen and stored at —80 °C.

GRK6 was purified with the same protocol used for GRK2 (34),
although GRKG6 eluted from the final Source S column at ~130 mMm
NaCl, as opposed to 140 mm for GRK2. After gel filtration on a Superdex
200 16/600 preparative column pre-equilibrated with 20 mm HEPES
(pH 8.0), 200 mm NaCl, and 2 mm dithiothreitol, GRK6 was pooled,
concentrated to 12 mg/ml in a 50-kDa cutoff Centriprep filter (Milli-
pore Corp.), and flash-frozen as 50-ul pellets in liquid nitrogen. The
yield of pure GRK6 varied from 2 to 4 mg/liter of culture. Matrix-as-
sisted laser desorption ionization mass spectrometry of the purified
GRK6 protein yielded a molecular mass of 66,050 Da, slightly larger than
expected (65,986 Da for acetylated, full-length, palmitoylation-deficient
GRK®6). This could indicate that GRK6 is post-translationally modified
(e.g. via phosphorylation) when expressed in insect cells, as is GRK2 (7).

Crystallization—GRK6 was crystallized at 4 °C by hanging drop
vapor diffusion in the presence of 2 mm MgCl, and 4 mm AMPPNP
(final concentration). The presence of Mg> " *AMPPNP was required for
crystallization. The drop consisted of 1 ul of protein and 1 ul of well
solution containing 100 mm succinic, malic, or citric acid (pH 4.9 -5.1),
8.7-10.8% polyethylene glycol 3350, 4 mm MgCl,, 5% ethylene glycol,
and 500 mm NaCl. Crystals appeared in 5 days and grew over the course
of 2—-3 weeks as stacks of thin plates, with maximum dimensions of 1 X
0.3 X <0.05 mm. GRK6 crystals belong to the space group C2, with unit
cell parameters @ = 120.2, b = 59.3,and ¢ = 221.1 A and 8 = 102.6°, and
contain two molecules in the asymmetric unit.

Data Collection and Structure Determination—Crystals were har-
vested by excising single plates with an eye knife (BD Biosciences) and
transferred by CryoLoop into a cryoprotectant solution consisting of 20
mm HEPES (pH 8.0), 100 mm fumaric acid (pH 5.0), 400 mm NaCl, 1 mm
dithiothreitol, 1 mm MgCl,, 2 mm AMPPNP, 9.45% polyethylene glycol
3350, and 5% ethylene glycol. The crystals were then stepped through a
gradient of ethylene glycol (3.25% increments up to 20% final) and flash-
frozen in liquid nitrogen. Diffraction maxima were collected from crys-
tals maintained at 100 K at Advanced Light Source beamline 8.3.1 on an
ADSC Quantum 210 CCD detector. To avoid overlaps due to the long ¢
cell axis, which was perpendicular to the plane of the crystal plates, it
was necessary to crimp the base of the crystal mounting pin by ~45°
while in the cryostream. Diffraction maxima were collected in two
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TABLE 1
Crystallographic data and refinement statistics
ALS, Advanced Light Source; r.m.s.d., root mean square deviation.

Crystallographic data

X-ray source ALS beamline 8.3.1

Wavelength EA) 1.000
Resolution (A) 2.6
Space group C2 .
Cell constants a =120.2,b =59.3,and ¢ = 221.1 A;
B =102.6°
Unique reflections 46,028 (6200)*
Average redundancy 3.8(2.4)
Ry (%)° 6.0 (51.1)
Completeness (%) 97.4.(90.7)
(DY ap 9.3(1.2)
Refinement statistics .
Refinement resolution (A) 30 to 2.6
Total reflections used 45,986 (2895)°
Protein atoms 7995
Non-protein atoms 111
r.m.s.d. bond lengths (A) 0.019
r.m.s.d. bond angles ) 1.8°
Estimated coordinate error (A) 0.3
Ramachandran plot statistics (%)
Most favored 90.4
Disallowed 0.0
vorle” 20.4(32.9)
free. 24.3 (40.5)
“ Numbers in parentheses correspond to the highest resolution shell of data (2.74 to
2.6 A).
b Royn = Spaa 2 [10nKL); — I(hkl)|/3. 4, 1(hKL),, where I(hkl) is the mean intensity of i

reflections after rejections.

¢ Numbers in parentheses correspond to the highest resolution shell of data (2.67 to
2.6 A).

¥ Ruork = St IE,(kD)| — |EL(HKD\//Z 00 |E(hKD)|. No /o cutoff was used during
refinement.

€ 5% of the data set was excluded from refinement to calculate Ry...

sweeps using 0.5° or 0.75° oscillations and 7- or 8-s exposures, respec-
tively, for a total of 220° (368 images). During this process, the crystal
was translated once in the beam to extend data collection. The data were
reduced and scaled using ELVES (35) and associated programs from
CCP4 (36) and solved by molecular replacement as implemented by the
program Phaser (37), with the RH and kinase domains of GRK2 serving
as search models (Protein Data Bank code 1IOMW). Data sets were also
collected from crystals soaked with 17 mMm inositol 1,4,5-trisphosphate
(IP;) or 4 mm glycogen synthase kinase-38 (GSK3p) peptide (38). How-
ever, electron density was not observed for either molecule.

Modeling—The molecular replacement model was refined for two
cycles of simulated annealing and individual B-factor refinement in
CNS_SOLVE (39) to reduce phase bias. The GRK6 model was then
refined using both 2-fold NCS restraints and TLS groups in REFMAC5
(36). After each round of refinement, the model was manually fit into
o ,-weighted electron density maps using the molecular graphics pro-
gram O (40). The stereochemistry of the model was monitored using
PROCHECK (41). Atomic representations and electrostatic surfaces
were created with PyMOL (42) and APBS (43).

Functional Analysis of the RH Dimerization Interface—To create the
wild-type GRK6 expression vector pcDNA3-GRK6A, a 2038-bp frag-
ment of human GRK6 cDNA (23) was excised with EcoRI and ligated
into EcoRI-digested pcDNA3. Single mutations I39E, I165E, and F527D
and double mutations I39E/I165E and I165E/F527D were made in
pcDNA3-GRK6 using the QuikChange site-directed mutagenesis kit
(Stratagene), and the full coding region of the resulting vector was
sequenced for verification. GRK6 and its mutants were partially purified
from transiently transfected COS-1 cells and analyzed in phosphoryla-
tion reactions following previously described procedures (44). After
standardizing protein levels by Western analysis with a mouse anti-
GRK4 -6 monoclonal antibody (Upstate Cell Signaling Solutions),
GRK6 and its mutants were assayed in phosphorylation reactions con-
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FIGURE 1. The asymmetric unit of the GRK6 crystals contains a homodimer formed via a conserved surface of the RH domain. Each GRK6 monomer consists of a bipartite RH
domain containing 12 a helices. The terminal subdomain (magenta) forms the crystalline dimer interface and consists of the «0 -a3 and a8 -a11 helices. The bundle subdomain forms
an antiparallel four-helix bundle (dark purple) and consists of the remaining helices («4-a7). The a1-a9 helices are homologous to those in the RH domains of RGS proteins.
Compared with the structure of GRK2 (10), GRK6 has an additional N-terminal helix («0) and shorter 5 and a11 helices. The GRK6 kinase domain (yellow « helices and orange 3 sheets)
is composed of small and large lobes and is inserted between the a9 and «10 helices of the RH domain. Mg?"-AMPPNP (spheres) is bound within each active site. Gray boxes
correspond to regions magnified in the insets. Inset A, a polyvalent anion (modeled as P;) is bound to a putative phospholipid-binding site at the N terminus of GRK6 composed by
residues from the a0 helix and the small lobe of the kinase domain. Density large enough for a tripeptide (shown with green carbons) also interacts with the anion. Potential hydrogen
bonds and salt bridges are shown as dashed lines. Inset B, the RH dimer interface buries 2700 A2 of surface area. Residues that form the hydrophobic core of the interface are shown,
including an interdigitated aromatic stack between the side chains of Tyr'®® and Phe>2” from each subunit. The backbone nitrogen and carbonyl groups of Phe>2 also form 8
sheet-like hydrogen bonds across the dimer interface. Nitrogen atoms are colored blue, oxygen red, phosphate green, and magnesium black. Carbon atoms are colored according to

the domain in which they are found, except for those in AMPPNP, which are gray.

taining light-exposed, urea-stripped rod outer segments. Parallel reac-
tions performed in the dark did not reveal rhodopsin phosphorylation.
Chemiluminescence detection (Western blotting) and PhosphorImager
analysis (phosphorylation assay) were performed using a Typhoon
imaging system and analyzed with ImageQuant software. Statistical
analysis was performed with repeated measures analysis of variance.

Sedimentation Equilibrium—Palmitoylation-deficient GRK6 sam-
ples were prepared at three concentrations (corresponding to A,g, =
0.3, 0.5, and 0.6) in 20 mM HEPES (pH 8.0), 200 mm NaCl, and 2 mm
dithiothreitol and analyzed in an An50Ti rotor at 4 °C at three rotor
speeds (10,000, 15,000 and 25,000 rpm) in a Beckman XL-1 analytical
ultracentrifuge. Data were analyzed using Ultrascan Version 7.2 soft-
ware (available at www.ultrascan.uthscsa.edu) by modeling the sample
as a single ideal solute with a calculated partial specific volume of 0.735
ml/g to obtain a buoyant molecular mass of 60 = 1 kDa and a variance of
1.4 X 10~°. This result suggests that GRK6 (expected molecular mass of
66 kDa) is predominantly monomeric at each concentration tested. Gel
filtration analysis performed at a higher concentration (40 um) was also
consistent with a monomeric protein.

JUNE 16, 2006+VOLUME 281+NUMBER 24

RESULTS

The crystal structure of the human GRK6:AMPPNP complex was
determined using diffraction data extending to 2.6-A spacings, with
phases provided by molecular replacement (Table 1). Two monomers of
GRK6 (chains A and B) are present in the asymmetric unit of the crystals
and form a homodimer that buries 2700 A? of accessible surface area
(Fig. 1). The final model contains residues 24 —474 and 492-532 in
chain A and residues 24 —387, 391-473, and 492-535 in chain B (sup-
plemental Fig. S1). Mass spectroscopic analysis of the protein used for
crystallization suggests that the missing regions are disordered and not
proteolyzed. The missing residues from positions 474/475 to 491 in
each chain correspond to the so-called “nucleotide gate” region of the
kinase domain (45), which was similarly disordered in structures of
GRK2. A polyvalent anion modeled as inorganic phosphate is bound to
residues near the basic N terminus of the protein (Fig. 1), which may
represent part of an anionic phospholipid-binding site in each mono-
mer (46). Discontinuous but strong electron density was observed adja-
cent to the phosphate anion in each chain and was tentatively modeled
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FIGURE 2. Stereo view of Mg>*-AMPPNP bound in the active site of GRK6. A o-,-weighted |F,| — |F.| omit map contoured at 3 o'is shown as a gray cage. Mg>* (black sphere) is bound
between the a- and y-phosphates. The glycine-rich loop (or P-loop) of GRK6 is shown as a C* trace. The analogous loop of PKB (cyan) (38) was superimposed and appears shifted
(upwards in this view) away from the nucleotide-binding site and the large lobe relative to that of GRK6.

as residues 14 —16 of each GRK6 monomer due to its proximity to Lys**,
the first identified residue in each chain. However, this density could
also correspond to residues from the C terminus of each chain, which
are also nearby and disordered.

The region of greatest sequence conservation among GRKs is the
kinase domain, which spans residues 180-507 in GRK6. As in other
protein kinases, the catalytic site of the GRK6 kinase domain is situated
in a cleft between a “small lobe” (residues 180 -318 and 492—-507) and a
“large lobe” (residues 319-471) (Fig. 1). Despite the presence of
Mg”>"-AMPPNP in the active site (Fig. 2), the kinase domain of GRK6
crystallized in an “open,” inactive conformation with a disordered
nucleotide gate. This is atypical for an AGC kinase, wherein the binding
of nucleotide analogs correlates well with kinase domain closure and
ordering of the nucleotide gate region (15). Upon superimposing the
small lobes of GRK6 and GRK?2, their large lobes are rotated ~10° with
respect to each other. However, neither assumes a more “closed” con-
formation because both require an ~18° rotation to match the AMP-
PNP-bound conformation of PKB (supplemental Fig. S2) (38). In either
case, the axis of rotation required to achieve the closed conformation is
roughly parallel to the aD helix of the kinase domain, passing adjacent
to GRK6 Ser®?® (GRK2 Ser®**) within the active site.

The structure of AMPPNP bound in the GRK6 active site allows
comparison of a GRK catalytic site with other AGC kinases (38, 47). As
in PKA or PKB, the catalytic lysine residue (Lys>'®) interacts with the a-
and B-phosphates of the ATP analog, and the purine ring fits snuggly
into a hydrophobic specificity pocket. Only weak density for one of the
two expected magnesium ions is observed in GRK6, perhaps because
active-site residues donated by the large lobe (e.g. Asn®'® and Asp%,
both of which coordinate magnesium) are displaced due to the open
conformation of the kinase domain. Thus, the active-site cleft presented
by nucleotide-bound GRKs is substantially broader than that of nucle-
otide-bound PKA or PKB (Fig. 3, compare A and D). Furthermore, the
position of the triphosphate tail and associated glycine-rich “P-loop” is
shifted by 2—-3 A toward the large lobe relative to that of AMPPNP-
bound PKA or PKB (Fig. 2) and has the same conformation as it does in
the nucleotide-free structures of GRK2. Therefore, no evidence exists
for a conformational change in this loop upon binding ATP, as there is
in PKA and other protein kinases (15, 48). The structural basis for this
difference is not clear, although we speculate that it could be due to
substitutions within the adjacent aB helix.

The aD—-aE and aF-aG loops of the GRK6 large lobe correspond to
loops in other characterized AGC kinases that form the walls of the
peptide-binding channel. In GRKS6, these loops are 2 and 1 residue(s)
longer, respectively, than in GRK2 (supplemental Fig. S1) and adopt
strikingly different conformations. In the GRK6 A chain, **’ QRKKK>*!
of the aF—aG loop obstruct the end of the peptide channel where the N
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terminus of peptides bind to PKA and PKB. In contrast, ***RKK>*° in the
B chain are disordered. This difference probably results from the facts
that the A chain is generally better ordered than the B chain and that the
A chain aF-aG loop is directly stabilized by a crystal contact. It is
possible that this contact could also influence the structure of the
aF—aG loop. However, the positions of residues 387 and 391 in the B
chain strongly suggest that their intervening residues also most occupy
the peptide channel. Thus, either GRK6 binds substrates in a manner
that is not strictly analogous to how PKB binds the GSK3 peptide (Fig.
3) (38), or the aF-aG loop adopts an alternative conformation upon
substrate binding. Assuming that residues 387-391 are displaced upon
substrate/receptor binding, the peptide channel of GRK6 appears to be
only mildly acidic compared with those of PKA and PKB (Fig. 3, B and
D). In contrast, the peptide channel of GRK2 is strikingly basic and
favors peptide substrates with acidic residues N-terminal to the phos-
phorylation site (Fig. 3C) (49). Interestingly, region 387-391 also
appears to serve as a DNA-binding nuclear localization sequence in
GRK5 and potentially GRK6 (50).

The N-terminal portion of the GRK6 RH domain consists of 12 «
helices associated into “bundle” (a4 —a7) and “terminal” (a0 —a3 and
a8—all) subdomains (Fig. 44 and supplemental Fig. S1). Superposition
of the GRK2 and GRK6 RH domains (root mean square deviation of 1.4
A for 144 structurally equivalent C* atoms) demonstrates that these
subdomains are oriented similarly with respect to each other and thus are
distinct from RH domains of the RGS protein family wherein the two sub-
domains are twisted ~22° relative to those of GRKs. The GRK2 and GRK6
RH domains are most divergent at their N termini. In GRK2, this region
forms an interface with its PH domain. In GRK6, an additional helix is
found at the N terminus («0), which provides additional bridging contacts
between the RH and kinase domains and includes a run of basic residues
previously implicated in binding phosphatidylinositol 4,5-bisphosphate
and calmodulin (Figs. 1 and 44) (46, 51). Thus, in both the GRK2 and GRK4
subfamilies, the N-terminal region of the RH domain appears to have
evolved to interact with and/or support the unique membrane-binding
determinants that are characteristic of each subfamily.

The GRK6 RH domain does not have structural determinants cur-
rently known to be required for binding Ga subunits in either GRK2
or the RGS protein family. Specifically, a5 of GRK6 is approximately
two turns shorter than that of GRK2 and thereby lacks residues
analogous to those critical for GRK2 binding to Ga, (Fig. 4, A and B;
and supplemental Fig. S1) (22, 52). Furthermore, the a5—a6 loop, a
critical determinant for binding Gy, Ge,, or Gey, subunits in RGS
proteins (53, 54), has a distinct structure in GRK6, implying that the
GRK6 RH domain cannot serve as a GTPase-activating protein for Go
subunits, at least in a manner that would be analogous to RGS proteins.

However, the RH domain of GRK6 does form a conserved extensive
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FIGURE 3. Comparison of the GRK6, GRK2, and PKB peptide-binding channels. The large lobes of the kinase domains of GRK6, GRK2 (10), and PKB (38) are aligned, and the bound
GSK3p peptide (stick model with yellow carbons) from the PKB structure (Protein Data Bank code 106K) was then mapped onto the GRK6 and GRK2 large lobes. The accessible surface
of each kinase domain is shown and is colored from —7 (red, acidic) to +7 (blue, basic) kT/e ™. A, the N-terminal region of the GRK6 channel is obstructed by residues 387-391 of the
aF-aG loop. B, the GRK6 channel with residues 387-391 removed. The resulting channel is similar to that of PKA or PKB (compare with D), except that the channel has a lysine (Lys?'?)
ata position occupied by histidine (His?%°) in GRK2 (C) and by phenylalanine (Phe32®) in PKB (D). This gives the GRK6 channel a more neutral character compared with the PKB channel.
Residues in the GSK33 peptide are labeled —6 through +3 with respect to the site of phosphorylation (+0). GRK6 Lys?'“ has steric overlap with the peptide as modeled. C, the GRK2
channel is strikingly basic. This is due to the loss of key acidic residues relative to other AGC kinases (supplemental Fig. S1). Unlike in GRK6, the channel appears unobstructed and
compatible with peptides that adopt the same backbone configuration as the GSK3 8 peptide in the PKB-GSK3 peptide complex. D, the PKB channel favors basic residues N-terminal
to the site of phosphorylation in its substrates. Note that the closure of the PKB kinase domain creates a comparatively narrow cleft between the large and small lobes. The

corresponding cleft of GRKs remains open whether bound to nucleotide (A and B) or not (C).

protein dimer interface using a region similar to that used by the RH
domain of p115RhoGEF to bind a Ge;,,5 chimera (Figs. 1 and Fig. 44
and supplemental Fig. S1) (55). The interface buries 2700 A? of accessi-
ble surface area and features a short B sheet interaction between the C
termini of each GRK6 monomer and an interdigitated aromatic stack
involving the side chains of Phe®*” and Tyr'®® and their dimer equiva-
lents (Figs. 1 (inset B) and 4A). Ile*® (a1) and Ile'®® («9) also contribute
their side chains to the core of the interface. Hydrophobic residues are
conserved at each of these positions in GRK1 and GRKS5, whereas most
are conserved in GRK7 and GRK4 (supplemental Fig. S1). Interestingly,
p115RhoGEF Met®®, which docks into the effector site of Ga,5 (55),
projects from the RH domain from a position that is topologically equiv-
alent to GRK6 Ile*®®. However, there is currently no evidence for a direct
interaction between GRK6 and Ga subunits (19).

Despite the extent of the dimer interface and the conservation of

JUNE 16, 2006+ VOLUME 281+-NUMBER 24

residues that form it, palmitoylation-deficient GRK6 behaves as a mon-
omer in solution both as determined by size exclusion chromatography
and sedimentation equilibrium analysis (data not shown). However,
dimerization might still occur at the membrane surface where the local
concentration of GRK6 is high or upon encountering substrates, such as
activated GPCRs, that are potentially dimeric (56, 57). We therefore
tested whether the hydrophobic residues buried within the observed
dimer interface are required for receptor phosphorylation. The I39E,
1165E, and F527D site-directed mutants were created to inhibit dimer
formation by burying charge and/or creating steric collisions. The
mutants were expressed in COS-1 cells, and all phosphorylated light-
activated rhodopsin to roughly the same extent as wild-type GRK6 (data
not shown). Because single mutations alone may not be sufficient to
disrupt such a large interface, two double mutants of GRK6 (I39E/I165E
and I165E/F527D) were also assessed for their ability to phosphorylate
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large lobe
interaction loop

terminal a10 _ bundle
subdomain f subdomain

FIGURE 4. The GRK6 RH domain contains a pro-
tein interaction surface. A, the GRK6 RH domain.
The «a1-a9 helices (colored according to their
respective subdomains) are conserved in all RH
domains, whereas the @10 and 11 helices (green)
are characteristic of the GRK family. The side
chains of residues that form the core of the GRK6
dimer interface (see Fig. 1) are shown as stick
models with yellow carbons. B, the GRK2 RH
domain. The relatively longer a5 helix of GRK2
helps to form the Gag4-binding site (side chains
with yellow carbons), whereas the longer a11
helix joins the RH and PH domains and contains
basic residues that likely interact with the mem-
brane surface. C, mutation of buried hydrophobic
residues of the GRK6 interface does not abrogate
phosphorylation of light-activated rhodopsin in
rod outer segments. Statistical analysis was per-
formed on three experiments in which two to
three independent transfection samples were
prepared. p < 0.05 only when comparing the wild
type with the I39E/1165E mutant.
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rhodopsin. These mutations only slightly reduced receptor phosphoryl-
ation (Fig. 4C). Although we cannot prove that these mutations prevent
dimerization of GRKS, it is clear that the residues tested are not required
for the phosphorylation of activated GPCRs under our assay conditions,
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regardless of whether they are involved in protein-protein interactions
at the cell membrane.

The GRK6 RH and kinase domains are intimately associated through
two contact surfaces that together bury 2000 A2 of accessible surface
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aF-aG
Ioop

5 1P,
(modeled)

FIGURE 5. The membrane-binding determinants in GRK6 and GRK2 are arranged similarly. GRK6 (A) and GRK2 (B) are expected to maintain similar orientations with respect to
the membrane of the cell. For reference, IP; has been docked with the protein to demarcate the expected phospholipid-binding sites. In GRK6, the 5’-phosphate of IP; was
superimposed on the polyvalent anion site observed in the crystal structure (Fig. 1). In GRK2, IP; was docked onto the PH domain using the structure of the phospholipase C61 PH
domain-IP; complex (Protein Data Bank code 1DJX) as a model. The C terminus of GRK6 is palmitoylated in the wild-type enzyme. Although it is disordered in our structure, it will be
close to the expected membrane plane. Solvent-accessible surfaces of GRK6 (C) and GRK2 (D) are shown in the same orientation as in A. The surface is colored by the electrostatic
potential (=3 kT/e ™). Both GRK6 and GRK2 have similar basic regions (blue) forming a flat surface that we believe will interact with the membrane plane. The aF-aG loop of GRK6,
which occupies part of the peptide-binding channel and purportedly serves as a nuclear localization sequence (50), is also intensely basic, but below the expected membrane plane.

area (Figs. 1 and 5), 300 A> more surface area than in GRK2. The largest
contact surface (1560 A2) is formed by the a0 and 10 helices from the
RH terminal subdomain packing against the small lobe from the kinase
domain. The smaller contact surface (440 A?) is formed between the
a4 —a5loop of the RH bundle subdomain and the o] region of the kinase
domain large lobe. This interface is approximately twice as large in
GRK6 than in GRK2 and involves several interdomain hydrogen bonds,
a salt bridge, and hydrophobic interactions that appear to be conserved
throughout the GRK1 and GRK4 subfamilies (supplemental Fig. S1).
The bipartite interaction between the RH and kinase domains therefore
appears to be conserved in all GRKs.

Despite similarities in their interdomain contacts, the RH-kinase
domain core of GRK6 is different in conformation than that of GRK2.
The binding of AMPPNP may have induced this conformational change
in GRK®, although it could also simply reflect structural divergence
between the GRK2 and GRK4 subfamilies. Upon superposition of the
kinase domain small lobes of GRK2 and GRK6, the RH domain of GRK6

JUNE 16, 2006+ VOLUME 281+-NUMBER 24

is rotated ~12° with respect to that of GRK2, with the apparent axis of
rotation running roughly through the centers of the terminal small lobe
and bundle large lobe interfaces. This axis of rotation is roughly parallel
to that which relates the large lobes of the GRK2 and GRK6 kinase
domains (supplemental Fig. S2). Because these rotations are of similar
magnitude and direction, the observed changes in the orientation of the
RH domain and the large lobe of GRK6 with respect to those of GRK2
appear to be coupled.

The association of GRK6 with the cell membrane is mediated in part
by the palmitoylation of cysteine residues that lie in a C-terminal region
that is not ordered in our crystal structure (58). In addition, GRK4
subfamily members possess a putative phosphatidylinositol 4,5-
bisphosphate-binding site at the N terminus involving a sequence that
packs between the RH and kinase domains in the structure of GRK6
(**NRKGKSKK?") (supplemental Fig. S1) (46). All but the first two res-
idues of this sequence are observed in our crystal structure. Strong
tetrahedral electron density is observed in close proximity to these res-
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idues and is attributed to either the imidophosphate or sulfonate of
AMPPNP or HEPES, respectively, used during crystallization. The poly-
valent anion, modeled as P, (Fig. 1, inset A), is bound via hydrogen bonds
or salt bridges with Ser”’, Arg'®’, and Arg®®, the latter two residues
being from the B sheet of the kinase small lobe. These residues are
invariant in the GRK4 subfamily (supplemental Fig. S1). The tripeptide
we tentatively modeled as residues 14—16 (Fig. 1) additionally appears
to donate a backbone hydrogen bond. Given the proximity of the polya-
nion to Ser?’, we considered whether this residue might be phosphoryl-
ated, especially because Ser*” of GRK2 is phosphorylated by protein
kinase C (6), and Ser*! of GRKI1 is autophosphorylated (59). However,
GRK2 Ser* is not structurally equivalent to either of these residues
(supplemental Fig. S1), and a phosphoserine at GRK6 position 27 is not
compatible with our electron density maps and would not have reason-
able stereochemistry. We instead propose that the anion occupies part
of a binding site for an anionic phospholipid, such as the 4’- or 5'-phos-
phates of phosphatidylinositol 4,5-bisphosphate.

Remarkably, the position of the putative phosphatidylinositol 4,5-
bisphosphate-binding site and the disordered N and C termini of GRKS6,
which contain additional membrane-binding determinants, are posi-
tioned in roughly the same topological position with respect to the
RH-kinase domain core as the GRK2 PH domain, and both enzymes
form a relatively flat and positively charged surface on their RH and
kinase domains that we speculate will interact with biological mem-
branes (Fig. 5). Thus, despite the lack of sequence and structural con-
servation at the N and C termini of GRKs, the catalytic and membrane-
targeting sites are similarly arranged in both the GRK4 and GRK2
subfamilies. It seems likely that all GRKs will interact with membranes
in a similar fashion, with their kinase active sites in close proximity to
the membrane surface to receive their receptor substrates.

DISCUSSION

GRK?2 is an important target for treatment of heart failure (60), whereas
GRKG6 is a target for treatment of addiction and Parkinson disease (28, 29).
Comparison of the GRK2 and GRK6 structures reveals features of their
kinase domains that could be exploited to increase the selectivity of drugs
for GRKs over other AGC kinases. Because nucleotide binding does not
induce domain closure in either GRK2 or GRK6 (supplemental Fig. S2),and
the GRK P-loop appears to be locked in a conformation resembling that of
nucleotide-bound (and activated) PKA or PKB, the GRK active-site cleft
presents a unique landscape for potential inhibitors compared with other
AGC kinases. There are also obvious subfamily-specific differences
between the GRK6 and GRK2 kinase domains. Their peptide-binding
channels have profoundly different electrostatic character (Fig. 3), in
accordance with previous biochemical studies showing that GRK4 subfam-
ily members prefer neutral peptide substrates, and GRK2 acidic ones (49,
61). The aF—aG loop obstructs one end of the peptide channel in GRK6
(Fig. 3). It is possible that, in the GRK4 and GRK1 subfamilies, this loop
autoinhibits kinase activity until an activated GPCR is encountered. Alter-
natively, polypeptide substrates might bind to GRK6 in a different way than
predicted from the peptide complexes of PKA and PKB.

The RH-kinase domain cores of GRK2 and GRK6 have structural differ-
ences not only within their RH and kinase domains, but also in how these
domains are oriented with respect to each other. Despite this, a similar
bipartite interaction is maintained between the RH and kinase domains in
both enzymes, indicating an evolutionarily conserved role for the interface.
One role could be to stabilize the kinase small lobe in its active state, in part
because the terminal subdomain-small lobe interface fixes in place the so-
called “hydrophobic motif” at the C terminus of the kinase domain. In PKB
and protein kinase C, this motif stably associates with the small lobe only

16792 JOURNAL OF BIOLOGICAL CHEMISTRY

after phosphorylation, which is required for full kinase activity in these
proteins (62, 63). Because GRK kinase domains have thus far proved resist-
ant to crystallization in a closed state similar to AMPPNP-bound PKB,
another role of the RH-kinase domain interface may be to stabilize the
inactive conformation of the kinase domain, similar to how SH2 (Src
homology 2) domain restrains the kinase large lobe in Src family kinases (12,
14). Disruption of the bundle subdomain-large lobe interface may therefore
be required for kinase domain closure and activation. Alternatively, the RH
bundle subdomain could simply “track” with the large lobe during closure,
as does the A helix of PKA, which likewise bridges the lobes of its kinase
domain (15). Finally, because the RH domain interacts with and/or sup-
ports the various membrane-binding determinants in both GRK2 and
GRK6, another role of the RH-kinase domain interface may be to fix the
positions of these elements with respect to the kinase active site. Indeed, the
topological locations of the membrane-binding determinants in GRK2 and
GRKG® are strikingly similar despite their structural divergence (Fig. 5).

Intriguingly, GRK6 crystallized as a dimer using a surface of its RH
domain that is highly conserved in both the GRK4 and GRK1 subfami-
lies (Fig. 1 and supplemental Fig. S1). Because palmitoylation-deficient
GRK6 is a monomer in solution, dimerization clearly resulted from the
high protein concentration within the GRK6 crystals. However, the
conservation, extent, and hydrophobicity of the surface used for dimer-
ization still point toward a functional role. Although the crystalline
GRK6 dimer is not compatible with how we believe GRK2 interacts with
membranes (Fig. 5), it remains possible that GRK1 and GRK4 family
members interact with membranes or their receptor targets as the
observed dimer in a different orientation than GRK2 (e.g. using the
surface shown in Fig. 1). It is also possible that a dimer form of GRK6 is
required for cellular functions other than receptor phosphorylation (50)
or that the interface used for dimerization in the crystal is used to bind
another, as of yet unidentified, protein target in cells.

The GRK kinase domain has now been observed to adopt an open, pre-
sumably inactive conformation in eight independent crystal structures: one
in the GRK2-G By structure (10), four in the GRK2 structure (9), one in the
G GRK2:GBy structure (11), and two in the GRK6-AMPPNP structure.
Therefore, this open conformation is neither a crystallization artifact nor a
GRK2-specific feature. Furthermore, the GRK6:-AMPPNP structure dem-
onstrates that the binding of adenine nucleotides does not lead to kinase
domain closure. Because phosphorylation of the GRK kinase domain is not
required for activation, as it is in other AGC kinases (62), all requirements
for activation appear to be fulfilled in our GRK structures except for kinase
domain closure. We therefore propose that receptor binding provides suf-
ficient free energy to induce this closure, which either directly involves or
leads to the ordering of the nucleotide gate and the extreme N terminus of
the enzyme (the first 15—-17 amino acids). These elements are not observed
in the GRK2 and GRK® crystal structures. The nucleotide gate is expected
to make contacts within the active-site cleft and perhaps with peptide sub-
strates, as it does in PKA. The GRK N terminus is required for efficient
receptor phosphorylation and thereby implicated in receptor or phospho-
lipid binding or in the structural transition from the inactive to active state
of the kinase (8, 64, 65). Future studies of GRKs in an active, “receptor-
bound” conformation will shed additional light on the functional roles of
these structural elements and the molecular basis for activation of GRKs by
GPCRs.
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